An adaptive power control algorithm is proposed to minimise power control errors at mobile speeds from 0 to 80 km=h in a UMTS system. The proposed algorithm adjusts its power control step size based on a new parameter called consecutive transmit power control ratio. Simulations of the proposed algorithm show that it outperforms fixed-step algorithms without any requirements for additional knowledge such as Doppler estimations.
Introduction: Wideband code division multiple access (WCDMA) is currently used in the Universal Mobile Telecommunication System (UMTS). Power control is one of the essential functions especially in the uplink WCDMA systems where improper power control may result in a substantial loss of capacity owing to the 'near-far' effect. There are two types of power control in UMTS specifications namely open-loop and closed-loop power control. Closed-loop power control can be further divided into outer-loop and inner-loop power control. Inner-loop power control is the focus of this Letter. 3GPP [1] specifies that UMTS power control is based on received signal to interference ratio (SIR). Based on information received in the uplink direction, the base station (or node B in UMTS) issues transmit power control (TPC) commands to control the transmission power of terminals (user equipment or UE in UMTS) via a feedback channel in the downlink direction. The transmission power will be increased or decreased by a fixed step. However, the fixed-step power control (FSPC) algorithm can result in oscillations of the transmission and received power when channel fading changes slowly [2] . In this Letter, a new adaptive power control algorithm is proposed. The new algorithm adapts the power control step based on a new parameter called consecutive TPC ratio (CTR).
UMTS inner-loop power control: A UMTS 10 ms frame consists of 15 TPC commands. This results in a power control frequency of 1500 Hz. A TPC command contains only one information bit. The inner-loop power control algorithm in UMTS updates the transmission power according to the following equation:
where P i (t) is the transmission power of the ith user at time t, d i (t) is a power control step size of ith user at time t, and TPC i (t) is a product of received SIR and SIR target determined by
where SIRT i (t) and SIR i (t) are the SIR target and the received SIR at the receiver for ith user at time t, respectively, and 'sign' is the sign function. It can be noted that TPC i (t) ¼ 1 is equivalent to TPC bit ¼ 1, and TPC i (t) ¼ À1 is equivalent to TPC bit ¼ 0. The received SIR in logarithm scale of the ith user at time t in the uplink direction can be computed by:
where G ij (t) represents the channel gain between the ith user and the jth base station. I i (t) is the total interference (interference from other users including the thermal noise) at the corresponding base station for the ith user.
Consecutive TPC ratio: Fig. 1 shows the results of fixed-step size simulation. There is a significant correlation between the number of deep fades and the number of consecutive TPC commands. Let us consider an example when UE is experiencing a deep fade. At the beginning of a deep fade, the channel gain drops dramatically (position A in Fig. 1 ). Consequently, a consecutive sequence of power-up TPC commands will be released to control the UE transmission power to compensate for the rapid drop (from A to B in Fig. 1 ).
After that, the channel gains become higher and a consecutive sequence of power-down TPC commands is issued (from B to C in Fig. 1 ). It can be seen that between A and C two long consecutive sequences of TPC commands are issued during a deep fade. The faster the mobile speed the more frequent the deep fades it experiences.
A mobile moving faster is likely to receive more consecutive TPC commands than a slower one. Therefore, an average of consecutive TPC commands over a particular period can be used to reflect user speeds. Consecutive TPC command ratio (CTR) is defined as:
where m ¼ t if t < w; and m ¼ w if t ! w. w is the maximum size of window average. TPC(0) 2 fÀ1; 0; 1g is initialised by the UE, typically 0.
Fig. 1 Channel gains and TPC commands
Adaptive power control algorithm: It has been shown in [3] that, at mobile speeds slower that 100 km=h, FSPC with a large fixed step is suitable for fast mobiles whereas a smaller fixed step is suitable for slow moving mobiles. CTR has strong correlations with mobile speeds. Therefore, PC step sizes can be adapted based on CTR to obtain the optimal PC performance. The new power control algorithm proposed in this Letter adjusts its step size (d(t) in (1)) based on a function of CTR as in the following equation:
where a and b are constants.
, where d max is the maximum value of power control step size in dB. CTR max is the maximum value of CTR. a, b and d max must be carefully chosen by the upper layer network elements, i.e. radio network controller (RNC) in UMTS. CTR max must correspond to a, b and d max . In this Letter, a is chosen as 0.6 and b is chosen as 1.25, and d max is equal to 3 dB. As a result, CTR max is equal to 0.64. The block diagram of the proposed algorithm is shown in Fig. 2 .
Fig. 2 Proposed adaptive step power control
Simulation environments and assumptions: An uplink WCDMA system with a power control update rate of 1500 Hz is simulated. A user data rate of 15 kbit=s and a system chip rate of 3.84 bit=s resulting in a processing gain of 256 is used. Diversity techniques are not applied at the receiver resulting in high fluctuations of received signal levels. Fast fading is modelled as the classic Rayleigh fading. The carrier frequency is fixed at 1.9 GHz. At the end of each simulation, power control errors (PCE) are computed by means of the root mean square (RMS) of the received SIR compared to the SIR target.
Simulation results: Fig. 3 shows the performance of the proposed CTR aided adaptive power control (CAP) algorithm compared to four FSPC algorithms with fixed steps of 0.2, 1, 2 and 3 dB, respectively. From Fig. 3 , FSPC with small fixed steps (i.e. 0.2 and 1 dB) performs efficiently at low speeds, which are slower than 10 km=h, while they cause significantly high PCE when mobiles move faster than 10 km=h. This is because FSPC algorithms with small fixed steps are not sufficiently fast to track rapid changes of the fading. Although FSPC algorithms with large fixed steps can track rapid changes of fading channel when mobile speeds are higher than 10 km=h, they introduce oscillations in received SIR when the user speed is low.
Fig. 3 Comparison of PCE obtained by different PC algorithms
The proposed algorithm provides slightly higher PCE than FSPC with 0.2 dB step when the user speed is equal to 0 km=h. This is because the minimum PC step size of the proposed algorithm is based on a, which is equal to 0.6 in this simulation. In a stationary channel, the larger the PC step sizes the higher the received SIR oscillations [2] . In addition, the new algorithm obtains the same performance as FSPC algorithms with large fixed steps when the fading rapidly varies because the PC step sizes are increased accordingly.
Fig. 4 PCE differences of four fixed-step algorithms
Simulations carried out for FSPC with different fixed steps are shown in Fig. 4 where the difference in PCE of four fixed-step algorithms compared to the proposed algorithm is illustrated. The PCE differences are computed from:
where PCE fixed,x and PCE CAP denote the PCE of x dB-fixed-step PC algorithm and PCE of the proposed algorithm, respectively. The results in Fig. 4 show the same trend as those in Fig. 3 . The new PC algorithm outperforms FSPC with large fixed steps when the fading gains change slowly (user speeds of 0-10 km=h). When the user speeds become faster, PCE performance is very similar to that of 3 dB fixed-step FSPC, which is the best performance compared to other FSPC with smaller PC steps. In addition, the new algorithm provides similar PCE to that obtained from [3] , which is the solid line in Fig. 4 . The algorithm in [3] requires a knowledge of the maximum Doppler frequency in order to adjust the PC step sizes accordingly and the result from [3] shown in Fig. 4 is based on a perfect Doppler estimation.
Implementation:
The new algorithm can be implemented in a distributed manner at UEs where the CTR and CAP computations are performed. RNC is responsible for determining the values of a, b, and d max at the beginning of the connection establishment. The new adaptive algorithm does not require additional PC signalling such as Doppler estimations, as needed in [3] . In the uplink WCDMA, two functions are required at UE. One of them is used to calculate CTR using information of TPC commands, which are always available according to UMTS specifications. The second function is used to adjust PC step sizes based on (5) using the calculated CTR.
Conclusions:
A new adaptive power control algorithm, whose PC step is adapted based on channel conditions, has been proposed. This algorithm is simple and conforms to UMTS specifications. The simulation results show that the new PC algorithm outperforms FSPC with large fixed steps when the fading is slowly varying; and it outperforms FSPC with small fixed steps when the fading changes rapidly. 
